Abstract. Phenotypic plasticity is a widespread phenomenon and may have important influences on evolutionary processes. Multidimensional plasticity, in which multiple environmental variables affect a phenotype, is especially interesting if there are interactions among these variables. We used a long-term data set from House Sparrows (Passer domesticus), a multi-brooded passerine bird, to test several predictions from life-history theory regarding the shape of optimal reaction norms for clutch size. The best-fit model for variation in clutch size included three temporal variables (the order of attempt within a season, the date of those attempts, and the age of the female). Clutch size was also sensitive to the quadratics of date and female age, both of which had negative coefficients. Finally, we found that the relationship between date and clutch size became more negative as attempt order increased. These results suggest that female sparrows have a multidimensional reaction norm for clutch size that matches predictions of life-history theory but also implicates more complexity than can be captured by any single model. Analysis of the sources of variation in reaction norm height and slope was complicated by the additional environmental dimensions. We found significant individual variation in mean clutch size in all analyses, indicating that individuals differed in the height of their clutch size reaction norm. By contrast, we found no evidence of significant individual heterogeneity in the slopes of several dimensions. We assess the possible mechanisms producing this reaction norm and discuss their implications for understanding complex plasticity.
INTRODUCTION
The variability in phenotypes produced by a genotype in different environments, or phenotypic plasticity, is a widespread phenomenon (Stearns 1989 , Scheiner 1993 , Pigliucci 2001 ) and of considerable conceptual importance in evolutionary biology (West-Eberhard 2003) . Plasticity is defined by the reaction norm, or the function mapping phenotype on environment for a given genotype (Woltereck 1909 , Schmaulhausen 1949 . Reaction norms vary in a number of ways. In some organisms, flexibility in phenotype persists over the lifetimes of individuals (reversible plasticity), whereas in others the phenotype is flexible early in development but then the phenotype is fixed (irreversible plasticity; Schlicting and Pigliucci 1998) . The environmental effect on the phenotype can be continuous or discontinuous, and continuous reaction norms may be linear or have a more complex shape. In addition, because different phenotypic traits may often be linked functionally and developmentally, reaction norms may not be fully understood without multivariate approaches (e.g., Pigliucci et al. 1995) .
One additional characteristic of reaction norms has likely been oversimplified. Reaction norms are usually depicted as lines of various shapes with respect to a single environmental factor (Fig. 1A; Scheiner 1993) . This iconography has considerable conceptual power, and much empirical work is fitted to this view. But for many traits, multiple aspects of the environment may be integrated into development, making reaction norms more akin to a surface in n-dimensional space ( Fig. 1B ; Rice 2002) . Multidimensional reaction norms are particularly interesting when environmental variables interact. In plants, interactions between light, water, and nutrients affect several traits, including the response to light (Valladares et al. 2007 ). In frog tadpoles, competitor density interacts with predator density to influence morphology, behavior, and growth (Relyea 2004) . Diet and temperature interact to influence phenotype in a seed beetle (Stillwell et al. 2007 ) and a butterfly (Kingsolver et al. 2006) . It is likely such interactions are common, yet to date there is relatively little theory addressing them and only a few empirical studies.
The influence of multiple environmental factors creates a reaction norm plane in the space defined by the environmental dimensions (Fig. 1B) , and a wide variety of shapes to that plane are theoretically possible. Warping of the reaction norm planes, caused by interaction terms, is important both conceptually and empirically. Conceptually, it expands the possibilities for adaptation and increases the complexity of the gene 3 environment interaction during development. Yet the conditions that produce interaction terms and how they affect evolutionary responses are poorly understood. Warped reaction norms are important empirically because researchers may be misled if they assume a simple function when estimating parameters of the reaction norm. Multidimensionality also creates challenges for assessing key parameters of reaction norms.
We can apply the concept of multidimensional reaction norms to clutch size in birds. Clutch size is a major component of the life history of birds (Lack 1947 , Martin 1987 , Bennett and Owens 2002 and has long been viewed as a trait exhibiting phenotypic plasticity (e.g., van Noordwijk 1989) . For example, many studies have revealed seasonal changes in clutch size (Lack 1954 , Perrins 1966 , Hochachka 1990 , Crick et al. 1993 ) that could match seasonal changes in the resources necessary for successful rearing of offspring (e.g., Perrins 1965) . Some studies have confirmed through experimental food supplements that clutch size responds to changes in resources (e.g., Boutin 1990 , Nager et al. 1997 , Clifford and Anderson 2001 . Weather conditions, such as temperature and precipitation, also appear to influence clutch size, perhaps indirectly through their effects on food resources (e.g., Grant et al. 2000) , although direct effects are possible (e.g., Nussey et al. 2005) . Finally, clutch size varies seasonally, although there are competing ideas for why that might be so. One possibility is that this pattern is due to females of different quality breeding at different times (Verhulst and Nilsson 2008) . Alternatively, life-history theory predicts that the decline in offspring value as the season progresses will create selection for smaller clutch sizes later in the season (e.g., Drent and Daan 1980) . Both processes could be operating simultaneously (Verhulst and Nilsson 2008) . Rowe et al. (1994) modeled the optimal timing-clutch size relationship and predicted that differences in female condition plus a decline in offspring quality through the season would drive the timing-clutch size relationship. Their model assumed that the optimal clutch size was the result of a trade-off between the benefits of producing additional offspring vs. the cost in terms of the reduced quality of later hatched offspring because of the delay associated with producing additional eggs. Rowe et al. (1994) extended this model to species that produce multiple clutches during a season (Fig. 2) . They assumed that adding eggs to first broods created delays to both that brood and subsequent ones. Thus, females that could produce additional clutches were expected to be prudent in their investment in early broods but to be less restrained in later broods. This produced a pattern of clutch sizes that fits a multidimensional reaction norm. That is, clutch size was expected to depend on date, attempt order, and an interaction between them that has a negative coefficient (Fig. 2) .
Using the reaction norm approach to assess clutch size variation has several benefits (Postma and van Noordwijk 2005) . Studies of wild populations have focused on documenting individual variation in two parameters characterizing reaction norms (e.g., Nussey Multidimensional reaction norm, shown as the phenotypic response to two environmental variables (E 1 and E 2 ), in which there are effects of both variables independently and an interaction between them. The height of this planar reaction norm occurs at the point at which both environments are at the mean value; the slope with respect to E 1 and E 2 (dashed lines labeled ''b 1 E 1 '' and ''b 2 E 2 '') occurs where E 2 and E 1 are at their mean values, respectively. The warping of the plane is measured as the coefficient of the interaction between E 1 and E 2 ; in this example it is positive. et al. 2007 ). In the case of clutch size, individual females could differ in the height of the reaction norm; i.e., the clutch size they produce in the average environment. Individual females could also differ in the slope of the reaction norm. That is, there could be variation in the individual 3 environment relationship (an I 3 E interaction; Nussey et al. 2007 ). The slope describes the extent of response to different environments, and so an I 3 E interaction reflects differences among individuals in plasticity. The I 3 E interactions may reflect genetic differences for slope, a G 3 E interaction, which is necessary for plasticity to evolve (Gomulkiewicz and Kirkpatrick 1992) . Brommer et al. (2003) found significant variation in both height and slope of a unidimensional reaction norm relating clutch size to laying date in female Ural Owls (Strix uralensis). This was possible because individual females were studied over multiple breeding seasons, creating a range of laying dates in different environments for each individual. No study to date has measured individual heterogeneity in the attributes of a multidimensional reaction norm.
In this paper, we present an analysis of clutch size in the House Sparrow (Passer domesticus; see Plate 1) using a reaction norm approach with the explicit goal of testing predictions from the Rowe et al. (1994) model. The House Sparrow is a widely distributed passerine bird commensal with humans (Summers-Smith 1963 , Anderson 2006 ). It nests in a variety of locations but prefers cavities and so takes readily to artificial nest boxes. Reproduction varies considerably depending on latitude, but in most locations is seasonal, with females producing between one and seven clutches per breeding season. Clutch size varies by latitude, by season, and by habitat (Anderson 2006) . Seasonal patterns of clutch size appear to be complex, with females laying larger clutches in the middle of the season than early or late (Anderson 1994 , Westneat et al. 2002 . Older females lay more eggs than first-year females, particularly in their first attempt of the year (Hatch and Westneat 2007) . Weather may be an important environmental influence since latitudinal variation in clutch size appears linked to the magnitude of seasonal changes in temperature (Anderson 2006) . House Sparrows are especially useful for studying the clutch size reaction norm because many females produce multiple clutches, both within a season and between seasons. Clutch size in sparrows thus fits what Sultan and Stearns (2005) called an iterated reaction norm, potentially in an n-dimensional environmental space defined by several timing and weather variables.
We used data from a long-term study of individually marked House Sparrows to test three specific predictions about the clutch size reaction norm that were derived from the Rowe et al. (1994) multi-brooded model. One of these, that as lay date advances clutch size should decline, is well supported in other birds (Drent and Daan 1980) , including sparrows (Anderson 2006) . However, the model also predicts an interaction with a negative coefficient between attempt order and lay date controlling for the negative effect of lay date. Finally, the model also predicts an independent positive effect of attempt order on clutch size. Neither of these predictions has been explicitly tested. We also examined some assumptions of the model. One is that all females are the same except for either their starting condition or their ability to accumulate condition. If so, then date, attempt order, and the interaction between them should account for all major sources of variation and so females should not differ in the heights of their reaction norms. A second assumption is that no other variables should affect the patterns of clutch size. Given that work on clutch size in birds implicates other variables of importance, such as food supply available for nestlings FIG. 2. Graph of multi-brooded version of the Rowe et al. (1994) model. Female condition (C ) for two females (A and B) varies at the start of season, indicated by location where dashed lines intersect the y-axis (C As and C Bs ). Females accumulate condition (dashed lines) until they reach the solid line for the first attempt, which represents the clutch size in which the marginal benefit of adding an additional egg is offset exactly by the marginal cost (of the delay) in terms of offspring quality (extended over both attempts). The solid lines can be viewed as a fitness ridge; as females accumulate resources along the dashed lines, they climb this fitness peak. Once they are at the peak, any additional increases in resources are marginally poorer because accumulating them causes a delay, resulting in a decline in quality for all offspring. Because female B starts in poorer condition, she takes longer to accumulate sufficient resources and lays fewer eggs (C A1 . C B1 ) and does so later in the season (T CA1 , T CB1 ). Costs of incubating and rearing nestlings to independence reduce female condition and are shown as thin solid lines, which bend up as dashed lines (indicating the regain of condition in preparation for egglaying) as soon as the young are independent. The optimal time-clutch size relationship for the second brood occurs when female condition reaches the second solid line and is higher than for first broods because no additional broods are affected by the time taken to lay eggs. Timing of these clutches and their sizes are indicated (C A2 and C B2 , T CA2 and T CB2 ). For details, see Appendix 1 in Rowe et al. (1994) . (Lack 1947 ) and the quality of individual parents (Pettifor et al. 1988) , we predicted that other sources of variance might exist. We therefore tested for effects of female age, weather variables, and additional interaction terms that might suggest modifications of the model. We also tested for individual heterogeneity in the slopes of various dimensions in the clutch size reaction norm.
METHODS
We collected data on clutch size in 14 consecutive years (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) from House Sparrows breeding in nest boxes located on Maine Chance Farm at the University of Kentucky's Agricultural Experiment Station, Lexington, Kentucky, USA. Details of the study site and general field methods are provided elsewhere (Westneat et al. 2002 , Stewart et al. 2006 ). This paper focuses on the clutches produced by known, individually marked females. We banded sparrows with a numbered metal band and three color bands either as nestlings, juveniles (those captured between leaving the nest and 1 October of the same year), known hatch year birds (those captured between 1 October and 31 December and found to have incompletely pneumatized skulls; Pyle 1999), or older birds (those captured before 31 December with completely pneumatized skulls and all birds captured after 31 December). Females classified in the first three categories were known to be in their first year. Females in the fourth category could have hatched in the previous summer or in earlier seasons, thus we only knew that they were starting at least their first breeding season. For most analyses we assigned these birds a minimum age assuming that they were indeed in their first season.
From mid-March in each year we collected data on clutch initiation date and clutch size by inspecting nest boxes at least once every 7 d. House Sparrows lay one egg per day and have an 11-d incubation period starting with the laying of the penultimate egg (Summers-Smith 1963), so any nest inspected either during laying or once eggs had hatched could be assigned a date on which the first egg was laid. We assigned a female a particular box if she was seen to enter it or repeatedly perch upon it. We tried to identify the female present for each nest attempt, although this was not always possible. We assigned clutches to some females (n ¼ 13) because we identified them at that box both before and after the attempt in question. Eight females were captured in the middle of the season but were assigned to earlier nest attempts because an unbanded female had been there earlier and there was no evidence of disruption (such as a failed nest or a long delay between nests) that typically accompanies a change in the resident female. In four additional cases, we confirmed a female's identity at an attempt by comparing the genotypes of the nestlings to that of the female at either an earlier or later brood (Stewart et al. 2006) .
We compiled weather data collected from the Spindletop Weather Station located ;1.5 km north of the study site. Data on temperature and precipitation from this station are stored at the University of Kentucky's College of Agriculture web site. 3 We obtained minimum and maximum temperature in degrees Fahrenheit and the amount of precipitation in inches for each day from 1993 to 2006. We then calculated average daily median temperatures, converted to degrees Celsius, and total precipitation, converted to centimeters, over the 14 days prior to the laying of the first egg for each attempt.
Statistical analyses
Clutch size is not a continuous variable, and indeed it deviated significantly from a normal distribution (Kolmogorov-Smirnoff, D ¼ 0.26, P ¼ 0.01). However, the distribution of clutch size is nearly symmetrical (skew ¼ À0.3, mean ¼ 4.9, mode ¼ 5), and the deviation from normality is small. We therefore assumed that these small deviations from normality would have minimal effect on the results of analyses using parametric methods. Parametric statistics were necessary for two main reasons. First, we were explicitly considering multiple independent variables and their interactions. Second, many females produced more than one clutch within a season and a sizeable proportion bred in more than one year. This required models that accounted for female identity, such as mixed generalized linear models.
We employed an approach recently applied to measuring reaction norm attributes in natural populations (Brommer et al. 2003 , 2005 , Nussey et al. 2005 . Following Nussey et al. (2007) , an individual's (i) performance phenotype (Y ) in a given instance ( j ) is given by the following equation:
where l is the population mean phenotype, bE j is the population mean response to the environment in instance j, p i is the individual's deviation from the population mean phenotype, p Ei E j is the individual specific response to the environment in instance j, and e ij is an error term encompassing both individuals and instances. The components correspond to the fixed and random portions of a mixed model, with the addition of the individual 3 environment term ( p Ei E j ) being a random effect explicitly accounting for heterogeneity in slopes. Mean-centering of the environmental variable produces some terms with important meanings. For example, the population mean phenotype (l or mean height of the reaction norm; Fig. 1A ) is that expressed in the mean environment (when bE j is zero). Similarly, a random effect of individual ( p i ) is variation in reaction norm height or in the individual's response in the average environment. Eq. 1 specifies only one environmental variable. Additional population-level and individual-level components can be added if other environmental variables are to be considered. Of considerable relevance here are interaction terms, which expand Eq. 1 in the case of two environmental variables to
The new terms also have analogous meanings to the unidimensional case. That is, the population mean is the mean height of the reaction norm plane, and individual variation in reaction norm height is evident when both environments are at their mean values (Fig. 1B) . In the presence of an interaction term, b 1 E 1j and b 2 E 2j are the univariate mean slopes of the plane at the mean E 2 and E 1 , respectively (Fig. 1B) . Similarly, the terms p E1i E 1j and p E2i E 2j give the variation among individuals in slope when E 2 and E 1 are at their mean values, respectively. The random interaction term p E12i E 1j E 2j accounts for individual variation in the interaction coefficient (i.e., the warping of the reaction norm plane). We chose to analyze our data in two steps, focusing first on variation within a season and then on variation within and across seasons. Each step involved a somewhat different data set. Within-season patterns used data from females with two or more attempts in a season and pooled information available from the same female across seasons. The second step also tested the effect of age, and so we restricted the data set to females that produced at least two clutches in two or more seasons. In each step, we first explored fixed effects terms and possible interactions although we included female identity as a random effect in all models. We designed full models with all main effects, all interaction terms, and second-order polynomial terms. We then successively removed interaction terms and secondorder polynomials in reverse order by F value (lowest removed first) until all remaining interaction terms, but not necessarily all main effects, were significant. We then double-checked the remaining terms by removing the interactions and assessing their impact on the overall fit of the model using the likelihood ratio test. The value of two times the difference in log-likelihood is distributed as a chi-square with 1 degree of freedom for each term estimated (Crawley 2002) . We used this to reject models that were significantly poorer fits than the model with the lowest log likelihood.
We had planned to analyze clutch size variation within a season with respect to attempt order, date of first egg, average median daily temperature in the preceding 14 d, and total precipitation in the preceding 14 d. However, the correlation structure among these variables revealed some potential problems (Table 1) . Temperature was highly correlated with date of first egg for each attempt (r ¼ 0.92), and both temperature and date of first egg were correlated with attempt order. We reasoned the colinearity between temperature and date would make models containing both terms and their interactions prone to anomalous results (Sokal and Rohlf 1995) . We concluded that the correlation between either date or temperature and attempt order was not high enough to generate problems of colinearity. We therefore chose to assess two sets of models, one using temperature but not date (temperature model), and the other date but not temperature (date model). We then compared Akaike Information Criteria (AIC; Burnham and Anderson 2002) of the two models to assess whether one was appreciably better at explaining variation in clutch size to warrant more attention than the other.
Once we assessed the fixed effects portions of the models, we then used a random regression (e.g., Nussey et al. 2007 ) to estimate the contribution of female identity to variation in reaction norm attributes. Variation in the height of a reaction norm (the clutch size in the average environment or, in the case of multiple environments, the joint averages of them all; Fig. 1B ) was estimated by including female identity as a random effect in a mixed model routine (Fry 1992) in SAS (SAS Institute, Cary, North Carolina, USA). We used comparisons of the log-likelihood values between models with and without this random effect to test for significance of the random effect. Similarly, we used the interaction between female identity and selected fixed effect variables as a random effect in a mixed model that included all important fixed effects and their interactions. Again, because variables were mean centered, this measures the heterogeneity among females in slope along the focal environmental axis where all other environmental variables are at their mean values (Fig.  1B) . A likelihood ratio test then was used to assess whether there was significant variation among females in the b coefficient for that term (e.g., Brommer et al. 2003) .
RESULTS
We tracked a total of 335 females that produced 1328 clutches. Clutch size over all attempts varied from one to eight, with a mean of 4.9 6 0.9 eggs (mean 6 SD). The most common clutch size (48% of attempts) was five. Females produced between one (n ¼ 87) and 26 clutches (n ¼ 1) in their lifetime, with a mean of four and a median of three. Within a single breeding season, individual females produced between one and six clutches. Of 1314 attempts that were checked for evidence of fledging after nestlings were banded, 916 (70%) fledged at least one offspring, with females producing one clutch (n ¼ 54) and six clutches (n ¼ 3) being less successful (54% and 29% fledging one or more offspring, respectively).
Our understanding of reaction norms is highly dependent on the environment each subject experiences. Our subjects lived in one general location but bred at one of six different barns over 14 different years. Clutch size was not associated with which barn the female inhabited (F 6, 340 ¼ 0.8, P ¼ 0.55), but was significantly different between calendar years (F 13, 802 ¼ 2.7, P ¼ 0.0008). We therefore include year as a categorical fixed factor in all subsequent analyses. As mentioned above, we also restricted our data set to females that had two or more attempts in a season or that achieved that in two or more years. This restriction is necessary to test the effect of attempt order or age, but it could create a bias. However, we found that mean clutch size was not associated with the number of attempts a female had in a season (F 1, 805 ¼ 2.6, P ¼ 0.11) nor with the number of years a female bred in our study area (F 1, 106 ¼ 3.1, P ¼ 0.08) in a mixed model with female identity as a random effect.
Within-season factors
Our analysis of within-season factors used a data set restricted to females that had two or more attempts within a season, giving us a final sample of 247 females producing 1201 attempts. Both the date and the temperature models gave similar results (Table 2) and generally matched the predictions of the Rowe et al. (1994) model. Clutch size showed a significant decrease with either temperature (Table 2, temperature model) or date (Table 2, date model; Fig. 3 ). Both models contained a strongly significant and negative coefficient for the interaction between attempt order and either temperature (temperature model) or date (date model). Both models contained a significant positive main effect of attempt order. Neither the main effect of precipitation nor any of its interactions were significant in either model. However, both analyses contained a significantly negative quadratic term for either temperature or date, a result that is not consistent with any version of the Rowe et al. (1994) model.
All of the higher order terms in both models were important because their removal reduced the fit and resulted in significant differences in log-likelihood values. Thus we are confident that the models shown in Table 2 best explain the variation in clutch size within a season. Comparison of AIC values for each model (Table 2) showed that the date model provided a better explanation of the data (DAIC ¼ 38), so we focus more strongly on date. We cannot, however, exclude the possibility that temperature has some independent effect on clutch size.
Between-season factors
Female age has effects on several aspects of breeding performance in House Sparrows, including how early the first clutch is started (Hatch and Westneat 2007, Nakagawa et al. 2007 ), clutch size, and fledging success (Nakagawa et al. 2007 ). We restricted the within-season data set further by using only those females that had at least two clutches in two or more years, which included 102 females producing 792 attempts. We then tested the main effect of female age on clutch size in a model that included all factors from the best model of within-season effects (modified date model) as well as all interactions with female age.
Including female age added complexity to the shape of the clutch size reaction norm (Table 3) . Most effects in the date model were also important in this analysis; clutch size declined with date and with the quadratic of date, and there was a significant negative coefficient to the date 3 attempt order interaction term. Attempt order remained a positive effect but was marginally nonsignificant. Clutch size was not influenced by precipitation as in the within-season model. Females increased their clutch size as they aged, independently of all other effects. We also found a significant negative quadratic term for age, indicating that very old females exhibited a decline in clutch size.
As with the within-season analysis, we tested all interaction terms to assess whether the backward elimination procedure we used might have produced too many terms. None of the omitted interaction terms improved the fit when returned to the model, and none of the included interaction terms significantly improved the fit if they were omitted.
Heterogeneity in elevation and slope
Our data suggest that clutch size in House Sparrows exhibits a complex, multidimensional reaction norm. We tested for heterogeneity among females in both height and slope of the reaction norm using mixed-model ANOVA structured as a random regression analysis (Nussey et al. 2007 ). The height of a reaction norm would have significant variation if clutch size in the average environment (accounting for all fixed effects) varied significantly among females. We tested this hypothesis using both the within-season and betweenseason models. Likelihood ratio tests showed that female identity explained a significant amount of variation in both models (Table 4) , indicating variation in reaction norm height among females. Female identity explained 26% of the variance in clutch size in the within-season model and 20% in the between-season model. We also tested whether the reaction norm slopes differed among females (significant I 3 E interactions). When reaction norms are bivariate (e.g., Brommer et al. 2003 Brommer et al. , 2005 , there is only one slope to be measured. The results in Tables 2 and 3 indicate that House Sparrows have a multidimensional reaction norm with a set of slopes greater than the number of dimensions (due to the interaction terms). As illustrated in Fig. 1B , we explicitly tested only the slopes of a given environmental factor when all other factors were held at their mean value by using the random regression approach and meancentered data. Interaction terms between female identity and the factor to be tested were individually tested against a model with only the random effect of female. We tested the within-season factors of date, attempt order, and date 3 attempt interaction, and the quadratic of date in the within-season model. Female age and the quadratic of age were tested with the between-season model. We found no evidence of significant I 3 E effects in any of these terms (Table 4) ; in most cases the variance estimate was 0, but in one case the model did not converge, so the random effect could not be tested.
DISCUSSION
Our analysis of clutch size in House Sparrows revealed a reaction norm in an environmental space that includes variation in at least three temporal variables (nest order, date, and female age). We also found that females varied in the height of this reaction norm, indicating significant repeatability underlying environmental flexibility. Students of avian clutch size will not be surprised by this list of variables, as many studies have revealed similar effects of date and age on clutch size and that clutch size is repeatable among females (Klomp 1970 , Drent and Daan 1980 , Merila¨and Sheldon 2001 , Postma and van Noorwijk 2005 . However, the reaction norm in the space defined by date, attempt order, and age has a positive tilt as attempt order increases, which is not the pattern usually reported for multi-brooded birds (e.g., Klomp 1970 , Crick et al. 1993 , Gil-Delgado et al. 2005 , Anderson 2006 ). More importantly, the plane is warped by one interaction term (between attempt order and date) plus two second-order polynomial terms, those of date and age (Tables 2 and 3 ). Our analysis of the effects of individuals on reaction norm parameters also reveals some unusual patterns, with little evidence of variation among individuals in slopes. This complexity in reaction norm shape and its pattern of variability among individuals has important implications for specific models of clutch size and for expanding theory on reaction norms in general.
Multidimensionality of the clutch size reaction norm
We tested several predictions of a model of clutch size variation as it applies to birds that produce multiple clutches per year (Rowe et al. 1994) . We have suggested that this model describes a multidimensional reaction norm. Our data fit three key predictions of this model, suggesting that House Sparrows are sensitive to a decline in the value of offspring produced later in the season and to the costs of breeding on the ability to produce additional broods that season. Our analysis is correlative, so it is possible that alternative factors we have not measured might produce the same results. We consider several possibilities.
The model's prediction that clutch size would be negatively related to date was upheld in our analysis, and this duplicates many previous findings (Klomp 1970 , Drent and Daan 1980 , Rowe et al. 1994 ). This prediction arises solely from the decline in fledgling quality as date progresses. In the model, this decline is not a result of changes in food supply affecting female or nestling condition, but is solely a consequence of time. However, food supply for House Sparrows could change with time in the season, and clutch size might be responding to the impact on female condition. Because eggs are known to be energetically costly to produce (e.g., Carey 1996) , perhaps females adjust clutch size through variance in the gain in condition (Perrins 1970) . Thus a decline in food supply with date could also produce the observed decline in clutch size with date. Some studies that have manipulated food supply before egg-laying have detected an effect on clutch size, but most reveal no such effect (e.g., Meijer and Drent 1999) . This particular experiment has not been done in House Sparrows, but they appear to be capable of laying more eggs than found in a typical clutch (Anderson 2006) , which is not consistent with clutch size being determined by food limitation. Moreover, the food supply hypothesis cannot explain the other results from our study. We also found a positive effect of attempt order, an interaction between attempt order and date with a negative coefficient, and a negative quadratic of date in addition to the negative linear effect of date. Female condition could be positively correlated with attempt order if learning to forage takes time, and thus females are better during later attempts. If so, we might expect older females to be less affected by date or attempt order, but we found no evidence the effect of date or attempt order differs by female age. Finally, a single variable such as female condition cannot simultaneously and independently decline with date, go up with attempt order, but decline more with date as attempt order increases and as the quadratic of date increases. Thus a simple reaction norm based solely on female condition is unlikely to explain the patterns observed in House Sparrows.
A second alternative model for plasticity in clutch size is that implied by Lack's (1947) classic hypothesis that clutch size balances the benefits of producing more offspring with the cost of the consequent reduction in their quality since parental care per offspring decreases. That is, females lay the number of eggs that produce the maximum number of nestlings that they and their partner can successfully raise. The Rowe et al. (1994) model does not incorporate this variable, so it is worth assessing whether it alone can explain our results. Food availability for nestlings likely increases and then decreases through the season (e.g., Perrins 1970 , Thomas et al. 2001 , Visser et al. 2006 ). If we presume that females have cues to the amount of food that will be available for nestlings when they lay eggs, a peak in food supply would explain the significant negative quadratic of date. If the peak in nestling food occurs relatively early, then the relatively longer decline toward the end of the season would also produce the negative linear effect of date. The ability to find food for nestlings could improve with experience, which could produce the positive effect of attempt order on clutch size. However, there is no evidence that experience affects the rate of nestling provisioning in this House Sparrow population (Hatch and Westneat 2007) . It is also counterintuitive that a declining food supply (effect of date) would have a larger negative effect on clutch size as a bird's breeding experience increases, and so this hypothesis also cannot explain the negative interaction between attempt order and initiation date. Thus it seems unlikely that the pattern of clutch size in House Sparrows is simply the result of the pattern of food available for nestlings. A more likely scenario is that both a decline in offspring value as the season progresses and an anticipated peak in nestling food supply affect the decisions House Sparrows make about how many eggs to lay. The Rowe et al. (1994) model therefore needs modifying to include this important component of avian life history. Such modifications would change the shape of the optimal timing-clutch size curves (Fig. 4) .
Another potential alternative is that the cost of reproduction covaries with the variables we identified as important. Recent research suggests that the cost of egg-laying includes both resource-based costs (e.g., the energetics of producing eggs) and non-resource-based costs (Williams 2005) . Resource-based costs of breeding are explicitly incorporated into the Rowe et al. (1994) model (Fig. 2) . Non-resource-based costs could include several possible pleiotropic effects of the physiological changes associated with laying eggs. A possible example of one such cost is that hematocrit levels of the female decline during egg-laying and typically take some weeks to recover (e.g., Challenger et al. 2001 , Williams et al. 2004 . The cost of reduced hematocrit could accumulate through multiple attempts and affect the size of the subsequent clutch. This possibility is intriguing, but again, the accumulation of costs cannot be solely responsible for our results since it should produce a negative relationship with attempt order rather than the positive effect we found. Moreover, at present there are no obvious reasons why date would produce independent negative linear and quadratic effects or the negative interaction with attempt order via this variable. FIG. 4 . Graphical depiction of possible modifications to the Rowe et al. (1994) model of clutch size for species producing multiple clutches. All aspects of the model are the same as in Fig. 2 except for three modifications: (1) The optimal timingclutch size curves incorporate the effect of peaks in nestling food supply (e.g., Lack's [1947] hypothesis) into the fitness of particular clutch size-timing combinations; (2) the possible effect of age or quality on starting condition and the loss and gain of condition is shown as the difference in slopes of the thin, solid line (high quality/older) and the thin, dashed line (low quality/younger); (3) possible effect of differences in female age or quality on optimal fitness curves is shown by thick solid line (high quality/older) compared to thick dashed line (low quality/younger). All three modifications would produce the negative quadratic of date, the positive effect of age, and the random effect of female identity that were found for the House Sparrows at Maine Chance Farm.
We conclude that our results are unlikely to arise from plasticity involving a single, unmeasured, environmental factor. We suggest that they support a model that produces a complex reaction norm dependent on two factors (date and attempt order). Our results also extend it to at least one additional variable (the quadratic of date) that implicates food supply for offspring as an important variable. Two additional results from our study suggest further support for a variant of the Rowe et al. (1994) model and have implications for the concept of multidimensional reaction norms.
First, our analysis also confirmed results from a variety of other birds (e.g., Bennett and Owens 2002) that clutch size increases as a female ages, but then declines when she is very old (more than four years of age). These results are therefore not surprising, but they are interesting in the context of Rowe et al.'s (1994) model and the analysis of clutch size as a reaction norm. Rowe et al. did not explicitly assess the effects of age, but their base model assumes that females vary in condition at the start of the season or in the rate of condition gain in preparation for breeding. A plausible effect of age is that experience increases condition due to better foraging ability and therefore affects timing and clutch size. Declines at very old ages may occur if senescence reduces condition, although aging could also affect other processes related to egg production. Our results demand an additional explanation. Because the effect of age in our analysis is independent of date, attempt order, and the interaction between them (Table  3) , age cannot merely be affecting female starting condition. Any differences in condition gain curves induced by age alone should only change where females end up on the optimal timing-clutch size lines (Fig. 2) ; thus, accounting for date and attempt order would remove any effect of age. Our results thus imply that age affects the shape of the optimal timing-clutch size curves as well, such that older birds line up on a different function than younger birds. Rowe et al. (1994) developed a variant of their single clutch model in which quality differences influence both the rate of condition gain and the optimal timing-clutch size relationship (Rowe et al. 1994: Fig. 5 ). Differences in optimal timing-clutch size curves seem highly plausible given life-history theory on the role of age in reproduction (Williams 1966 , Pianka and Parker 1975 , Clutton Brock 1984 . In essence, age is a third environmental axis for an n-dimensional reaction norm. Treating age as an environmental variable means that life history can be fruitfully viewed as a reaction norm across time, with variance in slope being needed to effectively respond to selection on life history. We will comment below on how the House Sparrow results affect this idea.
A second result from our analysis also supports the version of the Rowe et al. (1994) model incorporating variance in individual quality. We found that significant variance in reaction norm height exists among females. This variation is independent of age, date, and attempt order. The existence of significant variance in reaction norm height implies different females have different curves (Fig. 4) ; otherwise, all variation in starting condition is projected onto the optimal timing-clutch size curve (Fig. 2) , leaving no remaining variation among females. The idea that females of different qualities have different optimal clutch sizes is also well represented in life-history theory on clutch size (Pettifor et al. 1988) , so this finding is consistent with previous work on avian clutch size. An important question yet to be addressed in the case of House Sparrow clutch size is whether selection on reaction norm height can lead to an evolutionary response. Analysis of selection and the potential genetic basis of variance in reaction norm height are beyond the scope of this paper. We note here that if quality differences are due to events occurring early in development (e.g., Haywood and Perrins 1992) , then the adult reaction norm we have described potentially has additional dimensions corresponding to environmental variables experienced as a nestling or juvenile.
General implications
The existence of interactions in multidimensional reaction norms has several broad implications for the study of evolutionary processes. First, interactions among environmental variables alter one of the most interesting aspects of reaction norms, that of the slope. Genetic variation in slope (G 3 E ), whether it is an emergent property of alleles (e.g., Via and Lande 1985, Czesak et al. 2006) or the result of regulatory genes (plasticity genes, e.g., Schlicting and Pigliucci 1998) , is an essential element for understanding the evolution of plasticity (Gomulkiewicz and Kirkpatrick 1992) . When the reaction norm is a warped plane in multidimensional space, measuring a single slope is not possible. Warping creates an additional parameter describing the reaction norm that could vary among individuals, based perhaps on genetic variation in the mechanisms that integrate attempt order with date. That is, we now have a thirdorder interaction term between genotype and two environmental variables (G 3 E 1 3 E 2 ) that needs to be estimated. Unfortunately, our analyses of slopes for House Sparrow clutch size reveal some limitations for measuring between-individual variation in planar shape. Despite 14 years of data, the random effect of individual on the interaction term appears very small or is not estimable. In fact, we had difficulty estimating the effects of individual identity on several of the linear slopes as well. This may have been due to two attributes of our data set, which may also confound other data sets. First, several of the variables (e.g., clutch size, attempt order, and age) are in discrete units with narrow ranges, and this limits the precision of parametric estimation techniques. Second, the number of replicate clutches for most individuals was relatively small, which increases the random variance in estimates across individuals.
Our study joins a growing body of research that has demonstrated complex plasticity (e.g., Relyea 2004 , Ris et al. 2004 , Kingsolver et al. 2006 , Stillwell et al. 2007 , Valladares et al. 2007 ). Most theory on plasticity has been geared toward functions involving only one environmental factor, and there is relatively little theory exploring why complex reaction norms should exist. We describe one idea on this that emerges from our analysis. The Rowe et al. (1994) model predicted interactions among timing variables because it incorporated two trade-offs that worked in opposition. That is, as females neared the end of the season, the impact of current breeding effort on future attempts in that season is reduced so clutch size should increase, yet the decrease in value of offspring as time goes by produces a negative effect of date on clutch size. The opposition of these two is revealed by the date 3 attempt order interaction term. Other accounts of environmental interactions affecting plasticity have similar characteristics. Relyea (2004) found that competitor density and predator density interacted in their influence on tadpole morphology. Competitors decrease food supply and favor shallow body types and increased activity, but predators favor wider body types and reduced activity. Producing wide bodies is energetically demanding, so when both predators and competitors are present, tadpoles do not respond as readily to the predators. Similarly, several studies have found that diet and temperature interact to influence phenotypes in insects (Gresens 1997 , Petersen et al. 2000 , Kingsolver et al. 2006 , Stillwell et al. 2007 . A plausible explanation for this is that increasing temperature changes physiological processes in ways that change the balance of nutrients being used for phenotypic development. Different diets likely contain different combinations of nutrients, thereby altering the patterns of trade-offs among nutrients when temperature changes. These examples of complex plasticity across a diversity of organisms thus suggest that environmental complexity in trade-offs should favor multidimensional reaction norms.
Complex plasticity also may increase the importance of comparative studies, although it simultaneously complicates them. It would be useful to compare reaction norm shapes in order to test hypotheses about the factors influencing the evolution of plasticity. For example, we might expect long-lived species to evolve greater plasticity that short-lived ones because individuals should experience more environmental variation than individuals that are short-lived. In the case of avian clutch size, few other studies have assessed variation in the parameters of reaction norms. Brommer et al. (2003) did so for Ural Owls, which live considerably longer than House Sparrows. They found significant variation among females in both height and slope of the relationship between laying date and clutch size. We cannot make a direct comparison to their results because placing similar restrictions on our data set (first clutches in each year for females that bred in at least five years) reduces our sample size to just eight birds. Moreover, the owls do not experience an environment containing order of attempts because they only have one per season. One key difference between sparrows and Ural Owls is that date has much less effect on clutch size of first broods in sparrows; clutch size in first broods of 18 female House Sparrows breeding in at least four years declines by only 0.003 6 0.002 eggs/d (F 1,71 ¼ 1.7, P ¼ 0.19), a rate that is 20-fold less than that in Ural Owls (0.07 6 0.006 eggs/d; Brommer et al. 2003) . Date also has little effect on the probability that a House Sparrow egg will produce a fledgling (D. F. Westneat, I. R. K. Stewart, and M. I. Hatch, unpublished data) . No information on this relationship within a season in Ural Owls has been published, but it seems likely that female House Sparrows are under much weaker selection to time things correctly. If so, then selection has favored more plasticity in the date-clutch size reaction norm in owls than in sparrows, and a steeper reaction norm in owls is not surprising. However, it is puzzling that owls show more variability among females in the reaction norm than do sparrows, since selection ought to reduce variation. Perhaps sparrows are more strongly selected to be plastic within a season, whereas owls are selected to be plastic between seasons, and the interaction between date and attempt order within a season in sparrows causes a constraint on inter-individual variation in slope for the bivariate reaction norm across seasons. This is a fascinating possibility, but currently remains untested. This idea does reinforce the need for further development of theory about complex plasticity in ways that will help guide empirical studies.
Conclusion
Clutch size in House Sparrows is best described as a reaction norm plane with at least three dimensions. While genetic variation for the height of the reaction norm plane may exist, we have been unable to detect differences among individuals in its shape. Moreover, the multidimensional reaction norm in the sparrows involves an interaction term, which current theory about the genetics of phenotypic plasticity is ill-equipped to address. A wide variety of interesting empirical and theoretical questions arise once interactions between environmental variables are likely. Given that multidimensional reactions norms will be common, it may be important for additional environmental variables to be considered whenever phenotypic plasticity is studied.
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